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ABSTRACT 
IDENTIFICTION OF pmt, tr1, AND h6h GENE POLYMORPHISM AND TROPANE 
ALKALOID CHEMOTYPES IN Hyoscyamus niger L. (Black henbane) 
 
SEPTEMBER 2009 
 
LAWRENCE KRAMER, B.S., KENT STATE UINVERSITY 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professors Robert Bernatzky and Lyle Craker 
 
 
To examine the significance of genetic variation on the tropane alkaloid (TA) 
constituents of the plant Hyoscyamus niger L. (black henbane), 13 accessions of North 
American and European origin were propagated in a random block design in greenhouse 
conditions.  A selection of hybrid and F2 populations were developed to compare to the 
parental chemotypes.  Samples were lyophilized and the scopolamine and hyoscyamine 
content were quantified following liquid – liquid extraction by high performance liquid 
chromatography.  Primers were designed to amplify the putrescine N-methyltransferase 
(pmt), tropinone reductase 1 (tr1), and hyoscyamine 6β-hydroxylase (h6h) genes of the 
TA biosynthetic pathway.  Two alleles for the h6h gene locus were identified.  The trend 
of genotype by chemotype comparison of a small number of F2 samples from a 
monohybrid cross showed greater activity associated with the 690 bp amplicon of the h6h 
allele (b) over the expected 550 bp amplicon (a).  Increased overall TA in root tissue of 
the bb genotype was accompanied with reduced scopolamine in leaf tissue.  As a result, 
the marker is a good candidate for QTL analysis for linkage between TA biosynthesis and 
transport genes. 
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CHAPTER 1 
 
INTRODUCTION 
1.1  Medicinal plants 
Secondary metabolites are low-molecular-weight compounds (with exceptions, 
e.g. lignin) produced widely throughout the plant kingdom. The generalized categories 
include terpenoids, phenolics, and nitrogen containing compounds or alkaloids.  Plant 
alkaloids constitute the largest group of natural products, providing many 
pharmacologically active compounds.  Alkaloids serve a variety of functions as 
phytoalexins, defense against disease and herbivory, attractants for pollination and seed 
dispersal, nitrogen storage, UV protection, or signal transduction in the plant (Robinson 
1991).  Some of them exert powerful effects on animal physiology, supporting their 
putative function in defense against herbivory.   
 In the United States from 1959 to 1980, drugs derived from higher plants 
represented about 25 percent of all new and refilled prescriptions, not including 
nonprescription drug products or drugs used exclusively in hospitals.  Meanwhile, 80% of 
the inhabitants of earth rely primarily on traditional medicine, which to a large extent 
involves plant products and their active principles as a major part of the therapies 
(Farnsworth et al 1985).  A large number of synthetically produced chemicals are based 
on the biochemical compounds found in plants.  While research and development of new 
chemical entities from higher plants has declined in U.S. pharmaceutical companies, a 
growing market worldwide exists for botanical drugs, functional and medicinal foods, 
and recombinant proteins derived from plants (Raskin et al 2002).   
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Among the approximately 100,000 alkaloids described in higher plants, the 
tropane alkaloids are one group of plant derived drugs in both traditional and modern use.  
In the 19th century, isolation of the pharmacologically active components scopolamine 
and hyoscyamine from members of the family Solanaceae perplexed chemists trying to 
unravel their structure, synthesis, and biosynthesis.  Some details of the biosynthesis 
remain poorly understood (Humphrey and O’Hagan 2001). 
1.2  Tropane alkaloids 
Tropane alkaloids (TAs) are mostly toxins, some of which have widespread 
pharmacological use. Hyoscyamine {(-)-atropine; α-(hydroxymethyl)-, 8-methyl-8-
azabicyclo[3.2.1]oct-3-yl ester, [3(S)-endo]-} or its racemic mixture atropine are used to 
dilate the pupil for retinal examinations and to treat toxicity from organophosphate 
insecticide, nerve gas, and the toxic principles of Amanita muscaria.  Scopolamine 
(hyoscine; α-(hydroxymethyl)-, 9-methyl-3-oxa-9-azatricyclo[3.3.1.(02,4)]non-7-yl ester, 
[7(S)-(1α,2β,4β,5α,7β)]-) is used for motion sickness, with morphine as a sedative during 
labor, and as a remedy for stomach pain and cramping.  Other important tropane alkaloids 
include cocaine and the calystegines, which are most commonly used as a central nervous 
system stimulant and a β-glucosidase inhibitor, respectively.   
The TAs hyoscyamine and scopolamine are compounds that exert powerful 
effects on the nervous systems of animals given very small amounts.  The effects include 
muscarinic receptor mediated anticholinergenic activity, which has utility in treating 
various forms of psychoses and poisonings, as a diagnostic test for degenerative central 
nervous system diseases, and treatments in ophthalmologic examinations (Ebadi 2002).   
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The particular alkaloids synthesized by a plant are species specific and commonly 
varies between plants of the same clade.  The structure of the alkaloids observed in 
various genera exhibit a degree of similarity depending on the closeness of their 
relationship within a family (Manske 1950).  Atropa belladonna, Datura stramonium, 
Duboisia myoporoides, D. leichhardii, H. niger, and Nicotiana tobaccum are members of 
the family Solanaceae used in the pharmaceutical industry to produce TA for 
manufacture of diagnostic and therapeutic drugs.  Among the Solanaceae family 
Brugmansia ssp., Datura ssp., Atropa ssp., Duboisia ssp., Hyoscyamus ssp., Nicotiana 
ssp. are the most important TA producing plants and are harvested commercially for 
pharmaceutical and pesticide products. 
1.2.1 Biosynthesis of TAs 
All TAs have in common biosynthetic pathways which begins with the synthesis 
of putrescine derived from the polyamine pool containing either orthonine or arginine.   
The first committed step to alkaloid formation occurs with the formation of N-
methylputrescine from putrescine by the enzymatic activity of putrescine N-
methyltransferase (PMT) (Figure 1).  From this point several divergent pathways are 
observed in different organisms, including those leading to spermine, spermadine, and 
other TAs such as nicotine and cocaine.  A key branch in TA biosynthesis after the 
spontaneous formation of the N-methyl-∆/-pyrrolinium cation is conversion of tropinone 
to tropine by tropinone reductase I (TRI).  Tropine and tropic acid (derived from 
phenylalanine) react to produce littorine which leads to hyoscyamine in reactions 
involving several unidentified enzymes.  The final significant transformation occurs with 
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the intramolecular epoxide formation by hyoscyamine 6β-hydroxylase (H6H) (Facchini 
2006).  
 
Figure 1.  Biosynthesis of tropane alkaloids 
(Lee et al  2005).  OmDC ornithine decarboxylase; ArgD arginine decarboxylase; PMT 
putrescine N-methyl transferase; DOA diamine oxidase; TR-1 tropinone reductase I; TR-
11 tropinone reductase II; H6H hyoscyamine 6-β-hydroxylase.  
 
 
The highest concentration of TA occurs in the roots of H. niger (Robinson 1991).  
The chemicals are deposited in the leaf mesophyll cells and epidermal cells including the 
trichomes.   To a much lesser degree these TA are found in the flowers and stems of the 
plant.   
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TAs arising from the diamine pool are believed to act as defense against 
herbivory, their transport from the root to the aerial portions of the plant supporting the 
hypothesis of an evolved defense behavior (Hutchinson 1967).  The closest reflection of 
root concentrations that appear in the leaf are reported to occur between 14 and 28 days 
after anthesis (Sharma et al 1992), when leaf and root scopolamine levels range from 0.01 
to 0.3 and 0.02 to 0.4 µg g-1 fwt. respectively, and 0.5 to 3.0 and 0.5 and 3.3 µg g-1 fwt. 
for hyoscyamine.    
1.3 Increasing TA production 
1.3.1 Plant breeding 
TAs such as hyoscyamine, atropine, and scopolamine (hyoscine) make up 0.1 – 
3.0 milligrams per gram of dry weight of plant material.  Over the last century, hundreds 
of methods to enhance the production of TAs has been attempted and new information 
continues to be reported.  For increasing the yield and decreasing the cost of extraction of 
the target metabolite, the use of genetic engineering and process technology (i.e. hairy 
root cell cultures, cell suspension bioreactors) are being exploited to realize increased 
production of pharmaceutical supplies at potentially lower cost (Hashimoto et al 1993, 
Kutchan 1995).  The economic utility of these methods is not fully realized in part due to 
the cost of the bioreactor systems for large scale production, and in part due to the 
variance that occurs in culture conditions.   Meanwhile, whole plant extraction on a large 
scale continues to be the main source of the chemicals.  The TAs are popular in Europe 
and Asia where the desire of the consumer for complex products (as opposed to purified 
single compounds) is an established and growing market.  In zones of development 
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around the world, access to potent plant material that can be grown and harvested is 
essential to the local medical culture.  
Breeding has improved the alkaloid content of drug crops, such as Papaver 
somnifera, Duboisia spp. and Nicotiana tobaccum, generating cultivars of higher 
commercial value.  In the case of opium poppy P. somnifera, breeding has given lines 
with higher codeine or morphine content (Fachini 2006).  Tobacco cultivars have been 
developed that assume profiles with a wide variety of specific ratios of terpenoids, 
phenolics, and nitrogen containing compounds (Giddings et al 2000).  But for many herbs 
containing valuable secondary metabolites, knowledge about the specific requirements 
for cultivation is lacking. (Canter et al 2005). 
Compared to the relatively low cost of primary or bulk metabolites (e.g. sucrose), 
secondary plant metabolites are often valued at several hundred to several thousand 
dollars per pound (Baladrin et al 1985).   The potential profits from high value product 
provides the incentive for breeding programs for improved vigor, fertility, germination 
rate, disease resistance, uniformity of size and maturation, overall yield of raw drug 
material, and reduction of toxic constituents, all of which can reduce the cost of 
production and extraction on a commercial scale.   Moreover, controlling the specific 
ratio of biochemicals that may occur in relatively small amounts is of particular interest.  
To achieve greater control over chemotype requires the modern breeder to use 
biochemical and genetic analysis in the selection process (Fehr 1987).   
In comparison with other crop plants, modern breeding efforts are lacking for 
many drug plants.  Most often, breeding remains a cultural practice among people living 
where health care depends on traditional methods.   
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In the model plant used in this study, black henbane (Hyoscyamus niger L.), only 
one modern breeding research program is reported in the literature (Sharma et al 2000) 
involving diallel analysis of 6 varieties of Indian black henbane.  The analysis includes 
biomass and overall drug content without addressing the specific components, which is 
the focus of this experiment.   
1.3.2 Whole plant regeneration of Hyoscyamus ssp. from cell and organ cultures 
Several plant transformation systems for H. miticus and H. baetica have been 
reported that involve regeneration of the whole plant, and only one for H. niger (Sevon et 
al 1997).  The species is recalcitrant to whole plant regeneration especially when under 
the conditions required for genetic transformation.  In vitro propagation through 
organogenesis or somatic embryogenesis have been developed (Cheng and Raghavan 
1985, Raghavan and Nagmani 1989) relying on benzylaminopurine as the cytokinin 
source.  However, regeneration occurred at very low rates.  High frequency of shoot 
regeneration was possible from cotyledon and hypocotyl explants treated with 
thidiazuron (Uranbey 2005).  An eight-fold increase in the efficiency of somatic 
embryogenesis from zygotic embryos by water soaking seeds for 16 h was obtained 
without establishing a callus phase, offering a possible means for improving transgenic 
plant propagation (Tu et al 2005). 
1.3.3 Plant cell and organ culture systems 
The H6H enzyme is expressed exclusively in the root pericycle (Hashimoto and 
Yamada 1986), and the content of alkaloids has been shown to be the greatest in 
secondary roots of H. niger and other Solanaceous plants (Yun et al 1992).   
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In cell suspension cultures of H. niger, auxins have been shown to decrease the 
alkaloid production, and small changes in the media formulation, such as nitrogen and 
phosphate levels, alter the growth and secondary metabolism of the cells (Hashimoto and 
Yamada 1987b).  In the same study, cells were cultured in media fortified with precursors 
and known intermediates (L-ornithine, N-methylputrescine, hygrine, tropine, l-
phenylalanine, dl-tropic acid) to identify the limiting step in TA synthesis.  Due to the 
variation between the different cell lines the test was inconclusive.   
In vitro root systems derived from root tips that produced secondary and tertiary 
root structure have been reported that do not depend on genetic or chemical alteration, 
but on the cutting method to enhance oxygenation and branching of the cultured roots in 
the bioreactor (Woo et al 1997).  The particular branching morphology of the root 
increases scopolamine production.  Potentially, the cutting of root material could be done 
automatically in the bioreactor. 
1.3.4 Genetic engineering of Hyoscyamus ssp. and Atropa ssp  
With elucidation of the biosynthetic pathway and the cloning of genes involved in 
TA biosynthesis, genetic engineering enhanced alkaloid producing organisms becomes 
possible.  In one recent success using H. niger, transgenic hairy root culture lines 
expressing both pmt and h6h driven by the CaMV 35S promoter increased overall 
alkaloid content with a 100-fold greater scopolamine content over control cultures 
(Zhang et al 2004).  Atropa baetica hairy root cultures over expressing the H. niger h6h 
gene also produced increased levels of scopolamine, but to a lesser extent (Zarate et al 
2006).  Transgenic hairy root cultures of Atropa belladonna containing the H. niger h6h 
gene also showed only slight increase in scopolamine (Hashimoto et al 1993).  Thus, H. 
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niger produces proportionally more scopolamine that is transferred to the aerial portions 
than wild type A. belladonna. 
One very successful case of genetic engineering occurred with the introduction of 
H. niger hyoscyamine 6β-hydroxyalase gene (h6h) into wild type Atropa belladonna 
producing significant increase in leaf content of scopolamine (Yun et al 1992).  H. niger 
produces much lower amounts of tropane alkaloids than A. belladonna, but exhibits 
higher hyoscyamine 6β-hydroxyalase enzyme (H6H) activity.     
This particular feature of high H6H activity in Hyoscyamus spp. continues to 
make this plant genus an attractive candidate for studying TA biosynthesis despite the 
fact that other species may produce larger quantities of TAs overall.     
1.4 Commercial plant production, processing, and utilization   
The largest producer of scopolamine worldwide is Boehringer Ingelheim of 
Germany.  At their plantations in Australia, a hybrid of Duboisia myoporoides × D. 
leichartii (Australian corkwood) bred for nematode and beetle resistance is cultivated, 
harvested mechanically, and processed through a continuous extraction facility to isolate 
the scopolamine.  Most of the drug product is used to manufacture Buscopan®, a very 
popular stomach cramp remedy in Europe and Asia. 
The health care giant Novartis (Basel SW) manufactures the product 
TransdermScop®, a transdermal patch preparation of scopolamine.  For treatment of 
motion sickness the patch is applied behind the ear.  The source material for scopolamine 
in the product is not public information (telephone conversation with Novartis 
procurement representative March 2008).  
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The World Health Organization publishes a core list essential medicines to meet 
the minimum medicine needs for a basic health care system, listing the most efficacious, 
safe and cost-effective medicines for priority conditions which includes two TAs, 
hyoscyamine and scopolamine (World Health Organization 2007). 
The United States military supplies its troops with the Mark I nerve agent antidote 
kit, a dual chambered auto – injector of two anti-nerve agent drug, atropine sulfate and 
pralidoxime chloride.  The kits are effective against the nerve agents Tabum, Sarin, 
Soman, and VX. 
Atropine (the racemic mixture of d- and l-hyoscyamine) is used to treat sinus 
brachycardia and administered with general anesthetics prior to surgery.  The racemate 
occurs naturally in some plants and is generated during the extraction process.   
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CHAPTER 2 
 
DIRECTION AND PURPOSE OF THE RESEARCH 
For the thesis research project, Hyoscyamus niger, L. (black henbane) was chosen 
as the plant model.  A member of the Solanaceae family, H. niger synthesizes TAs of 
economic importance – hyoscyamine and scopolamine.  The aims of the research were to:   
1. Characterize the ratio of TAs (scopolamine to hyoscyamine) among accessions of 
H. niger.  
2. Identify genetic variation in several genes, pmt, h6h, and h6h expressing the TA 
biosynthetic enzymes putrescene N-methyltransferase, tropinone reductase 1, and 
hyoscyamine 6β-hydroxylase respectively, which are involved in the biogenesis 
of those alkaloids.  
3. Obtain preliminary data for the estimation of heritability of chemotype expression 
of scopolamine and hyoscyamine within an artificially bred population composed 
of parents, their hybrids, and F2 population.   
4. Observe any correlation between biosynthetic gene variation and chemotype 
variants. 
Correlations between chemotype and genetic polymorphism can serve as a basis 
for marker assisted selection to improve pharmaceutical drug production in both in vivo 
and in vitro systems where productivity is limited due to chemotype variations.  
The three genes that code for critical TA biosynthetic enzymes were analyzed for 
polymorphisms, and genetic variations were tested versus chemotype for correlation.  
The hope would be to find a correlation between a particular gene variant and a 
chemotype which could then serve as a marker to assist with breeding.  This would also 
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provide motivation for gene mining for more efficient gene constructs with improved 
levels of product synthesis.  If no correlation is observed, future experiments could focus 
on genes involved in transport and storage of TA.  The null hypothesis would support the 
notion that the contribution of biosynthetic enzyme gene variations for the loci examined 
is insignificant.
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CHAPTER 3 
 
MATERIALS AND METHODS 
3.1Plant Material 
3.1.1 Selection of model plant 
From February to July 2006 a variety of TA containing solanaceous plants were 
propagated and evaluated according to lifecycle duration, growth habit, form, size, and 
ease of controlling pollination (Table 1).  
 
Table 1. Solanaceous plants evaluated between February and September 2006 
Source 
 
Horizon Herbs of Oregon 
 
Richter’s Seeds of Canada USDA NC7 
Hyoscamus niger Atropa belladonna Hyoscamus niger 
 Brugmansia candida  
 Datura ferrox  
 D. innoxia  
 D. mentel  
 D. stramonium  
 Hyoscaymus niger  
 
Hyoscyamus niger was chosen based on the availability of germplasm from a 
sufficient number of sources, the plants utility as a source of valuable pharmaceutical 
compounds, as well as its moderate size, ease of maintenance, and convenient habit for 
breeding, seed collection, and germination. 
Seeds of Hyoscyamus niger are from USDA – GRIN NC7 seed bank (Ames Iowa, 
12 accessions), commercial suppliers Richter’s Seed of Canada (Goodwood ON, one 
accession) and Horizon Herbs of Oregon (Williams OR, one accession) (Table 2). 
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Table 2 Hyoscyamus niger Seed Information 
 
 
Supplier 
 
 
Accession 
 
Origin 
 
IDa 
USDA NC7 Ames, Iowa Ames 3098 Maryland 98 
 Ames 3102 Maryland 02 
 Ames 3103 Pennsylvania 03 
 Ames 3104 Maryland 04 
 Ames 3105 Maryland 05 
 Ames 15663 Netherlands 63 
 Ames 15665 Germany 65 
 Ames 24588 Finland, Turku ja Pori 88 
 PI 596383 Russian Federation 83 
 PI 641691 Netherlands 91 
 PI 649671 Germany 71 
 PI 649672 Finland, Turku ja Pori 72 
Richter’s Seeds of Canada 136345 Germany Ri 
Horizon Herbs of Oregon 5098 Oregon HH 
aIdentification number for accession. 
 
3.1.2 Plant propagation 
Seeds of each accession were sown in Promix BX soilless sterile medium in 
0801cell packs, kept on heat mat from germination to emergence (7 – 13 days).  The flats 
were then transferred to greenhouse under 15% shade cloth for 2 week until transplanting 
to 4.5 in. square or round pots in the same medium.  Plantings occurring in November 
2006, December 2006, and January 2007 are referred to as p06 group, and plants grown 
in November 2007, December 2007, and January 2008 are referred to as the p08 group.   
For the p06 group, 40 potted plants of each accession (440 plants total) were grown in a 
random plot design in greenhouse with 21 ºC day 18 ºC night supplemented with 400 
watt high pressure sodium light with a minimum of 350 PAR (photosynthetic active 
radiation), 16 hour day, 8 hour night, for 4 weeks.  For the p08 group, 12 potted plants 
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from each of the 14 accessions were grown under the same temperature and lighting 
conditions described, also in a random plot design.  The p09 planting group, which 
included propagation of parental, hybrid, and F2 seed, were grown and collected in the 
same conditions between January and May 2009. 
Fertilizer was applied with watering from the greenhouse fertilizer line, 
alternating SunGro 17 – 5 – 24 for 4 days per week and 15 – 0 – 15 for 2 days per week 
Both formulations were adjusted to 150 parts per million nitrogen (SunGro Horticultural 
of Canada Ltd, Bellevue WA).  On Monday of each week the plants were watered with 
tap water containing no fertilizer.  
3.1.3 Hybridization method 
From the population of plants, a variety of crosses were made.  Selection of the 
individuals to cross was based on observable differences in plant phenotype, such as 
flower color, leaf shape, branching pattern, size of ligules, growth habit, and odor.  The 
cultivation periods from the p06 and p08 groups produced S1, F1 (hybrid), and F2 seed for 
the experiments.  Among the p08 group of hybrids, two to five F1 plants were grown to 
produce F2 seed material for the main experiment.  Enough seed was stored to allow the 
parental, hybrid, and F2 plants to be grown simultaneously during January to May 2009. 
Henbane is a predominantly self pollinating plant and it is easy to control cross 
pollination.  A small pollination bag can be used to enclose the flower to either ensure 
production of a selfed seed or to protect artificial pollination from contamination..  The 
pollen from henbane does not travel well by wind.  Thus, insects are the main agent of 
cross pollination, as well as dehiscent pollen from tangled plants.  In the greenhouses, 
few precautions were needed to ensure predictable pollination.  First, the plants were kept 
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from touching one another.  Second, flying insects were kept to a minimum with periodic 
pesticide application.  Last, care was taken to track each artificially pollinated flower and 
flowers selected for self pollination with tagging. 
Hybridization was a simple procedure due the size and morphology of the flower.  
Generally, when the flower began to open slightly, the anthers had not yet dehisced 
pollen.  In some plants the anthers mature before the flower begins to open, in which case 
a petal was stripped off with forceps to access the immature anthers.  After confirming 
this with 10X loupe and inspecting the stigma for traces of pollen, the anthers were 
carefully removed with forceps.  To produce a hybrid, a filament with a fully dehisced 
anther was removed from the donor plant and the recipient stigma was dusted with pollen 
until completely covered on all surfaces.  Complete coverage of the stigma was insurance 
to reduce the possibility of fertilization from invading pollen.The p06 and p08 planting 
groups produced hybrid lines (Tables 3 and 4), and four lines from the p08 planting group 
were selected as the hybrid and F2 material for experimentation (Table 5). 
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Table 3  Hybrids of p06 parental group by accession 
 
    ♂  
♀ 
HH Ri 63 65 83 98 02 03 04 05 91 
HH ⊗    X   X  X  
Ri X ⊗ X X X       
63 X X ⊗ X X   X    
65 X X  ⊗ X X X X  X X 
83 X   X ⊗   X  X  
98   X X X ⊗      
02 X X X X X  ⊗     
03 X X X X X   ⊗    
04 X X X X X   X ⊗ X  
05 X X X X X   X X ⊗  
90 X X X X X      ⊗ 
 
 
Table 4  Hybrids of p08 parental group by plant 
 
 
 
 
 
02
-
2
02
-
7
03
-
4
03
-
8
04
-
3
04
-
4
0
5-
1
0
5-
2
0
5-
4
0
5-
5
6
3-
1
63
-
2
63
-
4
65
-
2
65
-
3
71
-
5
71
-
6
71
-
7
72
-
1
83
-
3
83
-
4
88
-
2
88
-
4
91
-
1
91
-
3
91
-
4
98
-
1
R
i-1
R
i-3
R
i-4
R
i-6
02-2 x
02-5 x
02-6 x
03-2 x
03-4 x
04-2 x
04-5 x
05-2 x x x
05-3 x
05-4 x
05-7 x
05-8 x
63-1 x x
63-2 x
63-4 x
65-3 x x
65-4 x
71-6 x x x
71-8 x
72-1 x
83-2 x
88-4 x
91-3 x x x
91-4 x
91-8 x
98-1 x
98-3 x x
Ri-3 x
Ri-4 x x x
Ri-6 x
Ri-7 x
           ♂ 
♀ 
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Table 5  Parents and hybrids used in the experimental design 
 
Line P1 ♀ P2 ♀ F1 hybrid 
Ia 91-4 02-2 IF1-1 
IIa 63-1 05-2 IIF1-1 
IIIb 03-4 91-1 IIIF1-5 
IVb Ri-4 63-1 IVF1-5 
 aLow by high S:H ratio hybrid lines. bHigh by low ratio hybrid lines. 
 
3.2  Sampling and preparation of plant material 
Leaf samples were collected 14 – 28 days after anthesis (daa).  During the 
preliminary assay of parental groups (accessions) and depending on the size and 
productivity of the plant, all or some of the leaves from the 3rd or 4th true leaf through the 
floral cluster were removed with scissors.  The samples were wrapped and stapled into 
paper towel pouches, frozen in liquid nitrogen, and lyophilized on a Labconco FreeZone 
12 freeze dryer unit for 24 – 48  hours.  Once dried, the samples were sealed in one 
gallon poly bags containing 150 mg anhydrous calcium sulfate for storage at −20 ºC.  The 
dry tissue was ground in 50ml polypropylene centrifuge tubes containing three steel shot 
ball bearings after 4 minutes on a shaker grinder (Mini-BeadBeater, Biospec Products) 
and stored at −20 ºC. 
For the experiment involving samples collected during 2009 the same procedure 
was followed with the following modifications.  The plants were destructively harvested 
by rinsing the roots clean of soil in water.  After vigorous washing, the remaining root 
ball was removed from the stem base.  Roots collected were between 0.1 and 2.0 mm 
diameter.  Collection using this method yielded at least 0.25 g dry mass of root material.  
Three leaves from below the first node and half of all the leaves from the first node to the 
apical inflorescence were sampled to yield at least 1.0 g dry mass.  Lyophilized leaf and 
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root samples were ground in 50 mL polypropylene centrifuge tubes containing three or 
five steel beads on a shaker grinder, respectively. 
For each of the 14 accessions evaluated in the p08 group, 12 plants were 
propagated (with the exception of accession 88 and 72, which propagated poorly.  Four 
plants of accession 88 and eight of 72 were grown).  To avoid destructive harvest of the 
plant, leaf tissue was collected and dried to preserve for extraction and measurement of 
TA content.  Stems supporting selfed or crossed fruit and one to three axillary buds or 
shoots were left intact on at the base of the main stem, sparing the plant for later cross 
pollination and seed collection.  A variety of cross pollinations were made to produce 
hybrids between plants with noticeable morphologic variation.  Seeds of hybrids were 
collected and stored at 4 ºC until the initial survey of chemotype differences was 
completed, and then a selection of the hybrids was made for the ensuing genetic 
experiment.  
3.2.1 Extraction of TAs from lyophilized plant tissue 
 One hundred mg freeze dried and powdered samples of leaf or root 
material were measured into 50 ml polypropylene centrifuge tubes.  Two extraction 
methods were modified to accommodate the available equipment, in particular the use of 
reflux in the Flinniaux (et al 1993) method and sonication in the Kamada (et al 1986) 
method. The extraction method described by Kamada is outlined in Appendix A.  The 
Fliniau x method begins with addition of 25 ml of chloroform – 27% ammonium 
hydroxide (24:1) to each sample.  Then, instead of reflux, the extraction was executed for 
1 hour at 45 ºC and 300 rpm in a Lab-Line Orbit Environ-Shaker (Lab-Line Instruments 
Incorporated, Melrose Park IL) then for 1 hour at 40 ºC in an ultrasound bath (Bransonic 
   
20 
ultrasonic cleaner model 2510R-DTH, Branson Ultrasonics Corporation, Danbury CT).  
After vacuum filtration through a Whatman No. 5 filter into another 50 ml tube, the 
chloroform was  evaporated at 34 ºC in a rotary evaporator (Flash evaporator system, 
Buchler Instruments, Fort Lee NY; Neslab RTE 140 circulating water bath, Thermo 
Fisher Scientific, Waltham MA).    The remaining aqueous portion was freeze dried in 
large numbers after removal of the chloroform.  The extraction procedure was repeated 
on the filtrate a second time with 12.5 ml extraction solvent.  The crude extract was 
resolved in 5 ml mobile phase at 40 ºC for one minute in an ultrasound bath followed by 
30 minutes at 45 ºC and 300 rpm, then stored at −20 ºC until ready for analysis.   
3.2.2 Quantification of TAs in plant tissue by high performance liquid 
chromatography 
 The alkaloids were resolved in 5 ml mobile phase consisting of 
acetonitrile – 0.3% phosphoric acid adjusted to pH 2.2 with triethylamine (1:7).   
Analytic samples were filtered through Whatman 13 mm  x 2 µm nylon syringe filter into 
2 ml screw cap auto sampler vials.  The chromatographic system consists of a Waters 
Alliance 2690/5 separation module, a Waters 996 photo diode array UV/Vis detector 
(PDA), and Waters Empower 2 Pro software.  The separation column was a Supelco 
Adventis 15cm × 4.3 mm C18 reverse phase column with 2.6 µm packing.  Two mobile 
phase formulations were used.  The first mobile phase carrier solvent (Flinnaux et al 
1993) was 12.5% aqueous acetonitrile with 0.3%  phosphoric acid adjusted to pH 2.20 
with triethylamine.  The mobile phase was set at flow rate of 1 mL/min.  The second 
mobile phase (Zarate et al 2006) was 78% - 50  mM potassium phosphate monobasic 
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(KH2PO4) adjusted to pH 3.0 with phosphoric acid and 22% acetonitrile.  The flow rate 
for this mobile phase was 0.8 mL/min.   
Standards purchased from Sigma Chemical Company, St. Louis MO 
(scopolamine hydrobromide) and MP Biomedicals Incorporated, Solon OH 
(hyoscyamine hydrochloride) were used for calibration at 0, 10, 20, 40, 100, 200, and 400 
ng per 20 µl injection.  A combined stock solution for l-scopolamine HBr and l-
hyoscyamine HCl standards was prepared consisting of 1ug/ul (1000ppm) of each.  From 
the stock, dilutions for calibration were made by serial dilution. 
Injections into the separation module were 20 µl volume by auto sampler with run 
time of 45 minutes for the 0.3% phosphoric acid mobile phase and 30 minutes for the 50 
mM potassium phosphate mobile phase.  PDA readings were configured to 200 – 400 nm 
spectral scan and detection of TAs at 204 nm absorbance.  Digital recordings of 
absorbance units based on µV signals were collected between 0 m to 15 m after injection 
for analysis.  The samples were maintained at 4 ± 2 ºC.   The calibration curve was a 
linear plot in ug/gdm of standard injected versus area of absorbance units at 204 nm for 
the two peaks. 
Detection of hyoscyamine and scopolamine was at 204 nm UV absorbance with a 
Waters Alliance 996 photodiode array spectrometer after separation on a.  Data collection 
and peak integration were performed on EmpowerPro Millenium 32 software (Waters 
Corporation, Milford MA).  Empower 2 Pro software was configured to perform peak 
purity matching and spectral library matching of the analytes, and to perform automatic 
integration and quantification after generating a standard calibration curve.   
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3.2.3 Chemotype parameters 
To estimate the chemotype of the plant, the target components were computed as 
a ratio: 
S:H = [S]×[H]-1,  
and as a sum of the component: 
S+H = [S]+[H], 
where S:H is TA ratio, S is l-scopolamine, and H is l-hyoscyamine, both 
concentrations computed in µg g−1 dm.  The separate components were also treated 
separately in the analysis, 
S = [S] 
H = [H]. 
The advantage of examining the ratio is that it might assist with chemotype 
selection for expression of improved scopolamine rich traits in breeding lines with high 
S+H.  
3.3  Genetic analysis 
The enzymes putrescine N-methyltransferase (pmt), tropinone reductase I (tr1), 
and hyoscyamine 6β-hydroxylase (h6h) catalyze the first committed step, the branch 
between the tropane and calystegine alkaloids, and the final transformation from 
hyoscyamine to scopolamine, respectively (Figure 1).  The genes coding these enzymes 
have been sequenced and the information was available at the National Center for 
Biotechnology Information Entrez nucleotide database for Hyoscyamus niger  (NCBI).  
Full DNA sequences are published for tr1 and h6h, and cDNA sequences for pmt, tr1, 
and h6h.   
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3.3.1 Extraction of DNA 
DNA extraction was carried out with a modified mini-prep CTAB method 
described by Bernatzky and Tanksley (1986).  Buffers recipes are detailed in Appendix 
B.  A 1.5 ml microcentrifuge tube half filled with powdered lyophilized leaf tissue 
(approximately 50 mg) was extracted with 750 µl of buffer heated to 65 ºC consisting of  
3:3:1 – extraction buffer : lysis buffer : 5% sarcosyl, and 0.1 g sodium metabisulfite per 
50 ml buffer. The portions were homogenized for several minutes with a tube pestle, and 
then incubated in a water bath at 65 ºC for 1 h.  Next, 700 µl of chloroform : isoamyl 
alcohol (24:1) was added, mixed, and centrifuged at 10,000 rpm at 4 ºC  for 5 m.  The 
aqueous phase was transferred to a new tube and the DNA was precipitated with 700 µl 
isopropanol after gentle mixing.  The tube was centrifuged for  1 m at 10,000 rpm 
(Marathn 13K/M centrfuge, Fisher Scientific), the supernatant discarded and the pellet 
twice washed with 70% ethanol, once with 95% ethanol and left to dry at room 
temperature for 0.5 h.  Finally, the DNA was resolved in 60 µl of 0.5X TE buffer at 65 ºC 
in a water bath for 0.5 h with occasional gentle mixing.  The resolved DNA was 
transferred to a clean tube and stored at −20 ºC.   
15 µl of each DNA sample was checked for quality and quantity on 0.9% agarose 
gel made with 0.4X TBE and loaded with 5µl of tracking dye (Appendix B).  The 
samples were run on a 100 × 150 × 5 mm (75 mL) gel for 2 h at 50 V.  The gel was 
stained with ethidium bromide, visualized on a UV light table, and photographed. Bands 
were compared to 50 ng and 500 ng λ-virus DNA to estimate quantity.   
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3.3.2  Determination of pmt, tr1, h6h polymorphism using polymerase chain reaction 
Primers are constructed to amplify three gene loci for enzymes contributing to the 
biosynthesis of TA: 
The enzyme putrescine N-methyltransferase (PMT) is involved in the removal of 
putrescine from the polyamine pool because it catalyses the N-methylation of this 
diamine to form N-methylputrescine (Suzuki et al).  
Tropinone reductase I (TRI) is the enzyme that reduces tropinone to tropine, the 
initial divergent product leading to hyoscyamine.  Alternatively, TRII catalyses the 
reduction of tropinone to pseudotropine, the first product leading to the calystegine group 
of TA in H. niger (Nakajima. and Hashimoto 1999). 
Hyoscyamine 6β-hydroxylase (H6H), a 2-oxo-lutarate dependent dioxygenase, 
catalyzes the hydroxylation of hyoscyamine to 6β-hydroxyhyoscyamine, as well as the 
epoxidation of 6β-hydroxyhyoscyamine to scopolamine (Hashimoto and Yamada1987a). 
The amplified sequences were  separated and distinguished by size in base pairs 
by gel electrophoresis and scored to identify polymorphisms.  
3.3.2.1 Primers 
Sequence information for the target genes (pmt, tr1, h6h) was found on NCBI 
Entrez Nucleotide (http://www.ncbi.nlm.nih.gov/sites/gquery).  Primers for the tr1 and 
h6h gene loci were designed to amplify intron segments by first aligning cDNA and 
genomic DNA sequence information and then specifying primer returns from nucleotide 
sequences on the intron-exon (see alignments in Appendix F).  Primers for the pmt gene 
locus were designed using cDNA sequence information because the H. niger DNA 
sequence of this locus is not available.  The primers were designed using Primer 3 
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outputs (Rozen and Skaletsky 2000).  The primers P5, P6, T8, and T9 were manufactured 
by Invitrogen Corporation, Carlsbad CA.  All other primers were manufactured by 
Integrated DNA Technologies Incorporated, Coralville IA (Table 6). 
The lyophilized primers were dissolved in sterile MilliQ® filtered water to a stock 
concentration of 100µM (100 ρmoles / µl), then diluted for PCR reactions to 20 ρmoles / 
µl.   
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Table 6  Primers for pmt, tr1, and h6h   
The primer name identifies the gene loci, the target nucleotide on the forward strand, and 
the forward (L) or reverse (R) strand primer 
Primer 
name 
Primer sequence Start 
nucleotide 
Expected 
length (bp) 
Pair 
ID 
PMT600L ATGGAGCGATTCAACACACA 416   
PMT600R CACTTGGCGACAATTAGCAA 903 487 P1 
PMT300L TTAATGGCAACTCCCACTCC 203   
PMT300R GATCATCGAATCCTGCTGCT 658 455 P2 
PMT900L TTCCCTACCTAGCAGCAGGA 629   
PMT900R CCCTAGCAAAAGATGGCAAA 1123 494 P3 
PMT1200L CTTCGAGGCGGTGACTAAAG 789   
PMT1200R TCATCTACGGATCACCAAACA 1241 452 P4 
PMTL604B AAGTGAAGAAACATTTTGAGTGC 55   
PMTR604B GATCATCGAATCCTGCTGCT 658 604 P5 
PMTL610E TGATGCCATTATTGTGGACTCT 723   
PMTR610E TGTTCAACACTCTGATACAAGATATTA 1332 610 P6 
TR1700L CAGAAGGGCCATTTGTTCAT 167   
TR1700R CTTGAATTTGCAAAGGGTGA 795 628 T1 
TR11780L TCGTGCATAGTGGTTTTGCT 1268   
TR11780R CCACCAGTAACAAGGGCAGT 1922 654 T2 
TR11938L TAACAAGAAATGGCCGGAGA 1825   
TR11938R GTCACGTTCAGAGCGCAGTA 2449 624 T3 
TR12750L TACTGCGCTCTGAACGTGAC 2430   
TR12750R CCACACCTGCATTATTTACCTG 3082 652 T4 
TR13280L GGATTTTCAGCACTGCCTTC 3235   
TR13280R AGGGCCTCTGGCCTAATAAA 3899 654 T5 
TR14972L AAACATTTAGACGGATTAGGTTATGA 4559   
TR14972R CTAGTTTCTTCCGACCGTGA 5170 617 T6 
TR15089L ATTCGGGTCAATTCAGTTGC 5027   
TR15089R GACACTTCATTGGGCTTTCC 5722 695 T7 
TRIL410B GCAGGTCTTGGTGCAAGAGT 3109   
TRIR410B GCAACTGAATTGACCCGAAT 5046 1937 T8 
TRIL401E GGATTTTCAGCACTGCCTTC 3235   
TRIR401E AGGCCCAAGGTACAAACCAC 5878 2643 T9 
H6H840L CCTCTCACCGCCACCTATTA 410   
H6H840R CGGGAACATCTTTTTCTGCT 976 566 H1 
H6H1071L TCCGAAAGCTTTATAGCACCA 925   
H6H1071R CAAGTTGGCGTTTCTCCTTC 1510 585 H2 
H6H1500L TATACGTGCAGTGGCGTAGC 1136   
H6H1500R CGTGAGGAGACGTGTTGAGA 1722 586 H3 
H6H2033L TCTCAACACGTCTCCTCACG 1703   
H6H2033R TTTTCAGGCCAGGAATTGAC 2300 597 H4 
H6H2313L AATTCCTGGCCTGAAAAACC 2284   
H6H2313R AGCCCAATTTAAGCCCAAGT 2786 502 H5 
H6H3016L ACCTGGATTGCTGTTCAACC 2954   
H6H3016R AGAGTGGTGGGTTGTCTTGG 3504 550 H6 
H6H3872L ATTGCAGTGATGGTTTGGTG 3662   
H6H3872R TTGGTGTTGGTTGTCCGATA 4236 574 H7 
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3.3.2.2  Conditions for polymerase chain reaction 
All primers designed for the experiment were 20 – 23 bases long, near 45 - 50% 
G+C content, with Tm of 59.5 – 60.5 ºC.  Amplification was carried out on a 
thermocycler (PTC-200 Peltier Thermal Cycler, DNA Engine, MJ Research, Inc., 
Watertown MA) programmed for one cycle at 94 ºC for 1.5 m, 25 cycles at 94 ºC for 45 
s, 58 ºC for 45 s, and 72 ºC for 1 m, one cycle at 72 ºC for 10 m, then 4 ºC until recovered 
and stored at −20 ºC until proceeding with separation on agarose gel electrophoresis. 
The PCR reaction mixture was composed of 1 µl 10× Taq polymerase buffer, .8 
µl dNTP mix (80 µM, 20 µM each final concentration), 0.3 µl each forward and reverse 
prime (66 ρM each final concentration), 0.1 µl Taq DNA polymerase (2.5 units), 1 µ l 
template DNA (50ng / µl final concentration), and 6.8 µl sterile MilliQ® filtered water.  
dNTP’s and Taq DNA polymerase with 10× buffer were purchased from New England 
Biolabs Incorporated. Ipswich MA. 
3.3.2.3 PCR product separation and analysis 
Four parental samples from breeding group III (the parents and a selfed offspring) 
were reacted under the above conditions to determine which primers could identify 
marker sites where polymorphism can be detected.  3% Metaphor® agarose (Cambrex 
Bio Science Incorporated, Rockland ME) was used to separate the first series of 
reactions; subsequent reactions were separated on 1.5% agrose gel (Sigma A60, Sigma 
Chemical Company, St. Louis MO). 
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3.4 Statistical analysis 
Analysis of variance using the general linear model procedure PROC GLM 
computed on SAS 9.1.3 (SAS Institute Incorporated, Carey NC) was used to establish the 
significance of differences among the means of all accessions.  For the breeding 
populations, Duncan’s New Multiple Range Test (Figure 6) was used to estimate the high 
and low scopolamine ratio plants to be used in breeding.   
The DNA polymorphism at the h6h gene locus was compared to the scopolamine 
and hyoscyamine content, and to the ratio (S:H) and summed TA concentration (S+H) in 
leaf and root tissue in the F2 population samples (Figure 3).  Data were analyzed using 
general linear model (GLM) procedures of SAS version 9.1.3 (SAS Institute, Cary NC).  
Linear regression was performed using the PROC REG procedure and correlation 
coefficients were calculated using the PROC CORR procedure of SAS 
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CHAPTER 4 
 
RESULTS AND DISCUSSION 
4.1  Detection of Tropane Alkaloids 
A large number of methods are reported in the literature about the analysis of TAs 
in plant material and for pharmacological studies.  Immunoassays, radioimmunoassay, 
and enzyme immunoassays are selective and rapid because purification of the plant 
material is unnecessary, however only a single TA or all tropic acid derivatives together 
can be estimated (Fliniaux et al 1993, Draeger 2002).  Thin layer, gas, and liquid 
chromatography provide good separation of the plant components but require purification 
of the extract prior to analysis, resulting in a long assay time for a large number of 
samples.   
Reviews of some of these are given by Draeger (2004).  Gas and liquid 
chromatography have been used extensively, but because scopolamine is heat labile, gas 
chromatography is impractical for measuring both alkaloids simultaneously.  However, 
high performance liquid chromatography (HPLC) is commonly used to measure alkaloid 
content in plants.  Among the published methods, I choose to use the extraction protocol 
and HPLC conditions of Fliniaux et al (1993) and Kamada et al (1986).   The extraction 
protocol of Fliniaux is relatively quick and selective enough to identify the principle 
components.  When resolved in mobile phase, some compounds destructive to the 
reversed phase C-18 column are also contained in the extract, resulting in precolumn 
failure sometime after 150 injections.  The Kamada extraction protocols are relatively 
more selective for the TAs.  Retention times were consistent within both protocols. 
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After liquid – liquid extraction, separation and detection at 204nm as described in 
Chapter 4, a calibration curve taken from seven levels of standards was used to estimate 
the scopolamine and hyoscyamine content of 100mg lyophilized plant tissue.  The 
calibration estimation was converted to 0, 25, 50, 100, 250, 500, and 1000 µg/gdm of 
each component.  A typical chromatogram of standard componenents detected by each 
method shown in Figure 2, and representative chromatograms resulting from each 
method used on plant samples are shown in Figure 3. 
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Figure 2 Typical chromatograms of standard components    
Containing 200ng per injection of each component, the area under the curve represents 
500µg/gdm under the conditions described by (A) Flinniaux et al (1993) and (B) Kamada 
et al 1986.  In B the peak at 3.436 minutes is scopolamine and at 4.444 minutes is 
hyoscyamine. 
. 
 
A 
B 
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Figure 3  TA detection in plant samples   
A. Chromatogram of sample 65-1detected under the conditions decribed by Flinniaux et 
al (1993). B. Chromatogram of sample 03-10 detected under the conditions described by 
Kamada et al (1986) 
 
.  Both of the methods gave the ability to separate the components for 
simultaneous detection.  The extraction method of Flinnaux was 30% faster (16-22 
samples d−1) than the Kamada extraction method (12-18 samples d−1).  Both methods 
gave repeatable readings above 20 ng (20 ml injection)−1 with ≤ 2 ng deviation.  Below 
20 ng the Flinnaux method gave less consistent reading compared to the Kamada method.  
The Flinnaux method had considerably longer retention times and peak width.  The 
average retention time for scopolamine was 5.8 minutes for the phosphoric acid mobile 
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phase and 11.1 minutes for hyoscyamine.  The sodium phosphate monobasic mobile 
phase retention time were 3.4 minutes for scopolamine and 4.4 minutes for 
hysoscyamine.  Recovery of the components from blanks and spiked samples was 70-
105%.   
The main drawback of the Flinniaux method came from the crudeness of the 
extract affecting the analytic HPLC column.  A guard column was able to protect the 
analytic column from damage with only moderate impact on the cost of analysis.  Wide 
peak width (1.5-2.0 m) for the components caused the software to miss peak integrations 
at levels below 15 ng (20 ml injection)−1 and these were manually integrated. 
4.2  Chemotypes among black henbane accessions and selection of breeding 
populations 
The accessions were compared by S, H, and S:H with Duncan’s multiple range 
test to determine their chemotype (Table 6)  The groupings for each parameter among 
accession and the parameter values of the individual parental plants were used to select 
the crosses to use for the experimental breeding populations.  Breeding group III (Table 
5) was selected because it resulted from a cross of a high S:H value with a significantly 
lower S:H value male, both containing high mean values of both components. 
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Table 7  Duncan groupings among p08 henbane accessions of S, H, and S:H 
Accession Na Sb Rc Hd R S:He R 
98 15 153 AB 31 BCD 7.0 AB 
02 19 82 B 21 BCD 5.6 AB 
03 13 157 AB 15 D 25.5 A 
04 12 42 B 17 CD 4.5 AB 
05 14 32 B 22 BCD 2.1 AB 
63 8 22 B 32 BCD 2.0 AB 
65 9 30 B 47 BC 1.1 B 
88 10 88 B 51 B 4.9 AB 
83 3 16 B 16 D 2.3 AB 
91 11 326 A 36 BCD 11.8 AB 
71 8 14 B 14 D 1.9 AB 
72 2 116 B 85 A 1.5 B 
Ri 13 25 B 10 D 3.4 AB 
aNumber of extracts.  bMean scopolamine µg g-1 dm.  cDuncan grouping, α = 0.05. 
dMean hyoscyamine µg g-1 dm.  eMean scopolamine:hyoscyamine ratio. 
 
 
4.3  Polymorphic DNA at the pmt, tr1, and h6h gene loci 
A selection from all of the primer sets in Figure 1 were chosen to use as PCR 
markers in breeding population III (see Chapter 5 Results and Discussion).  For each 
plant in the experiment, the marker amplicons generated by PCR are graded by the size of 
the product, or the presence or absence of amplified product. 
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B 
 C 
Figure 4.  Primer selection   
18 primer pairs were reacted with 2 sets of parent and selfed plant samples, 03-4, 91-1, 
03-4-9, and 91-1-7 designated as 1, 2, 3, and 4, respectively. 
 
4.4  DNA polymorphism among the breeding groups 
The parents and a hybrid from each breeding group (Table 5) were examined for 
DNA polymorphism at the loci pmt (primers P1, P4, P6), tr1 (primers T2, T7), and h6h 
(primers H1, H3, H4, H6).   
M 
H6 
1 2 3 4 
H7 
1 2 3 4 Φ 
P1 
1 2 3 4 
P2 
1 2 3 4 
P3 
1 2 3 4 
P4 
1 2 3 4 
P5 
1 2 3 4 
T2 
1 2 3 4 
T1 
1 2 3 4 
P6 
1 2 3 4 M 
H4 
1 2 3 4 
H5 
1 2 3 4 
H1 
1 2 3 4 
H2 
1 2 3 4 
H3 
1 2 3 4 
T3 
1 2 3 4 M 
T5 
1 2 3 4 
T4 
1 2 3 4 
T6 
1 2 3 4 
T7 
1 2 3 4 
T8 
1 2 3 4 
T9 
1 2 3 4 M 
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The expected amplicon for primer P1 (Figure 3.1 A) was visible in ten of the 12 
samples.  A stronger band is seen in nine of the samples near the 1500 base pair marker.  
Several other weak bands show up most of the samples.  Primer P4 (Figure 3.1 B) 
amplified a strong signal near 1100 base pairs and a very weak band can be seen of the 
expected size of 455 base pairs.  Pmt primer P6 amplified a product at near 1400 base 
pairs, much larger than the expected size (Figure 3.1 C).  However, the primer was 
designed using cDNA from the RNA template and most likely the product seen contains 
intron segments.  The strong signal is visible in eight of the samples, with two additional 
exhibiting a weaker signal.   
The tr1 gene locus was amplified by primer T2 in all samples (Figure 3.1 D).  In 
addition to the expected size, the P1 of breeding group I and both parents and hybrid of 
breeding group IV showed a dense band of about 400 base pairs.  This is a curious result 
which may indicate polymorphism at some site bordered with a sequence homologous to 
the primer complement.  Primer T7 amplified a 695 base pair fragment, but there were 
also faint bands ranging in size for all the samples, indicating that some non-specific 
annealing had occurred.   
Primers H1, H3 and H4 did not show any obvious polymorphism at the loci 
(Figures 3.2 F, G, and H) and each amplified the expected fragment from the h6h gene 
locus.  H1 and H3 showed multiple bands from non-specific annealing; primer H4 was 
specific and amplified a single fragment of the anticipated size.  The marker H6 (Figure 
3.2 I)) reveals two distinct alleles at the h6h locus, one was the expected size of 550 base 
pairs and the other about 690 base pairs, herein referred to as a and b respectively.   
Parent 91-4 (lane 1) is homozygous for allele b and parent 02-2 (lane 2) is homozygous 
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for a.  Their hybrid in lane 3 (IF1-5) is the heterozygote ab.  Breeding group II is the 
same, and in group III the female carries aa genotype and the male bb.  In breeding group 
IV both the parents and the hybrid are bb genotype.  All of the parents from North 
American populations are homozygous aa genotype (accessions 02, 03, and 05).  The 
other accessions (63, 91, and Ri) are of European origin and all are bb genotype. 
Among the breeding groups I, II, and III the parents were diallelic homozygotes 
and their hybrids are heterozygous.  Breeding group IV parents were monoallelic 
homozygotes and the the hybrid is homozygous.  
The one allele (Hashimoto and Yamada 1986) is the only report of H. niger DNA 
sequencing at the h6h gene locus.  In this research project, a  marker for the locus is used 
for correlating variation in the plant genotype at the locus and the chemotype of the plant 
relative to hyoscyamine and scopolamine content in root and leaf.  Sequencing of the 690 
base pair allele for comparison with the 550 base pair allele is a priority for future study.  
As well, confirmation of the trends associated with the variants (Section 5.4) applied to 
marker selection of plants may be a new tool for developing improved cultivars and 
culture lines of henbane. 
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Lanes: 
M 1 2 3 4 5 6 7 8 9 10 11 12 
100 bp 
marker 91-4 02-2 IF1-5 63-1 05-2 IIF1-1 03-4 91-1 IIIF1-5 Ri-4 63-1 IVF1-8 
Figure 5.1  Amplification of representative parents, S1, and F1 DNA from breeding 
groups I, II, III, and IV at the pmt, tr1, and h6h loci 
 A. Primer P1. Marker and 91-4 are mixed; B. primer P4; C. primer P6; D. primer T2; E. 
primer T7.  Breeding population I lanes 1-3; II lanes 4-6; III lanes 7-9; IV lanes 10-12. 
M 1 2 3 4 5 6 7 8 9 10 12 11 
A 
D 
M 1 2 3 4 5 6 7 8 9 10 M 11 12 
M 1 2 3 4 5 6 7 8 9 10 M 11 12 
B 
M 1 2 3 4 5 6 7 8 9 10 M 11 12 
C 
M 1 2 3 4 5 6 7 8 9 10 11 12 
E 
500 bp 
1000 bp 
1517 bp 
500 bp 
500 bp 
500 bp 
500 bp 
690 bp 
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Lanes: 
M 1 2 3 4 5 6 7 8 9 10 11 12 
100 bp 
marker 91-4 02-2 IF1-5 63-1 05-2 IIF1-1 03-4 91-1 IIIF1-5 Ri-4 63-1 IVF1-8 
Figure 5.2  Amplification of representative parents, S1, and F1 DNA from breeding 
populations I, II, III , and IVat the pmt, tr1, and h6h loci 
 F. Primer H1. Sample missing lane 8; G. primer H3. Lanes 10 and 11 are reverse order; 
H. primer H4. Sample missing lane 8; I. primer H6. Lanes 9 to 12 are reverse order. 
M 1 2 3 4 5 6 7 8 9 10 M 11 12 
H 
I 
M 1 2 3 4 5 6 7 8 9 11 M 10 12 
G 
M 1 2 3 4 5 6 7 8 9 10 M 11 12 
F 
500 bp 
500 bp 
500 bp 
M 1 2 3 4 5 6 7 8 12 11 M 10 9 
500 bp 
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4.5  Polymorphism at the h6h gene locus in breeding population III 
DNA samples from the parents, parental accession, parental selfed offspring (S1), 
hybrids, and F2 plants from breeding population III were reacted with primer set H6 
amplfying the h6h gene locus (Figure 4).  The gel band patterns are summarized in Table 
8.  It also shows that variation is present in this gene in the parental accession 91.  Twelve 
of the 14 reactions on the III F2 plant DNAs were successful.   Among these were 4 aa, 
5ab and 3 bb genotypes, which although too small a total number for statistical assurance, 
does not rule out the expected Mendellian ratio of 1:2:1 for the F2 population developed 
from a monohybrid cross. 
 
 
Lanes: 
1 2 3 4 5 6 7 8 9 10 11 
03-14 03-15 03-4-5 03-4 91-13 91-14 91-1-2 91-1 IIIF1-7a -8 -9 
 
12 13 14 15 16 17 18 19 20 21 22 23 24 25 
IIIF2-2b -3 -11 -14 -21 -41 -51 -61 -71 -73 -81 -91 -101 100bp marker 
aThe next two lanes are also hybrids. bLanes 13 through 24 are IIIF2 
individuals. 
Figure 6  Polymorphic DNA at the h6h gene locus in breeding population III   
 
 
 
  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 22 21 23 24 25 
~ 690 bp   b 
550 bp    a 
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Table 8  Breeding population III genotypes 
 Parental accessions and S1        
 03-15 03-4-5 91-13 91-14 91-1-2        
genotype bb aa bb bb bb 
 
       
 Parental and F1        
 03-4 91-1 F1-7 -8 -9        
genotype aa bb ab ab ab 
 
       
 F2 
 2 3 11 14 21 41 51 61 71 73 91 101 
genotype aa ab bb ab bb ab ab aa aa ab ab bb 
 
4.6   Chemotype by genotype expression 
The DNA polymorphism at the h6h gene locus was compared to the scopolamine 
and hyoscyamine concentration (S, H respectively), and to the ratio (SH) in leaf and root 
tissue in the F2 population samples (Figure 7).  Data were analyzed using general linear 
model (GLM) procedures of SAS version 9.1.3 (SAS Institute, Cary NC).  Linear 
regression was performed using the PROC REG procedure and correlation coefficients 
were calculated using the PROC CORR procedure of SAS 
In leaf tissue the S:H trend was negative with the occurrence of the b allele.  In 
the root tissues the S:H trendline had a near zero slope, but both S and H were increased 
with the b allele in root tissue.  In the leaf tissue, the scopolamine decreased and 
hyoscyamine increase with the presence of the b allele.   
In the leaf tissue the S and S:H correlation to genotype was significant (P = 0.03 
and P = 0.01, respectively).  However, the other correlations were not significant at P ≤ 
0.05.  The lack of significance of correlations was predictable because of the small 
sample size, however the results do not rule out the trends that are estimated.   
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The combined result that increased S and H in root tissue with the presence of the 
b allele occurring with the stable S:H suggests the allele carries polymorphism for a more 
active H6H enzyme.  The reduced S:H in leaf tissue in the presence of the b allele 
suggests that some other factor effects the transport of scopolamine from root to leaf that 
is not present in the aa genotype.  These events provide evidence for the presence of a 
quantitative trait loci (QTL) associated with the marker for the h6h gene locus where 
traits for strong H6H activity and TA transport associated proteins are linked.  However, 
the prediction of a QTL cannot be confidently established (or ruled out) on the basis of 
the small sample set in this study. 
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S:H = 0.63149+0.00264x
 
Figure 7.  Chemotype correlation with h6h genotype in F2 leaf and root tissue of 
breeding population III 
. (A) Leaf tissue; (B) root tissue   
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Table 9  Genotype aa, ab, and bb means and coefficient of linear correlation (r) with 
S, H, S+H, and S:H 
 Means  Correlation 
 
 aa ab bb r Pa 
S      
  Leaf 16 (8)b 23 (35) 7 (4) −0.15540 0.4297 
  Root 
 
179 (53) 276 (156) 240 (131) 0.12823 0.5504 
H      
  Leaf 7 (5) 31 (9) 33 (31) 0.4431 0.0265* 
  Root 
 
298 (117) 418 (150) 415 (222) 0.223 0.249 
S+Hc      
  Leaf 21.5 (9.9) 56.2 (44.1) 43.0 (34.4) 0.19717 0.3558 
  Root 
 
477 (169) 694 (295) 656 (332) 0.19305 0.3661 
S:H      
  Leaf 4.30 (4.53) 0.72 (0.96) 0.31 (0.24) −0.53310 0.0073** 
  Root 0.62 (0.06) 0.66 (0.26) 0.63 (0.26) 0.00876 0.9676 
aPearson correlation coefficient P > |r| under Ho: rho = 0 (n = 24). bStandard deviation. 
cRegression not shown in Figure 3. *, **Significant at P ≤ 0.05 or 0.01, respectively. 
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CHAPTER 5 
 
CONCLUSIONS 
Henbane contains variable amounts of S and H, and S:H, among and within 
accessions.  The TAs are difficult to detect simultaneously with the extraction and 
separation methods used, resulting in significant experimental error.  The error can be 
reduced by increasing the number of plant samples and repetitions.  Liquid 
chromatograph separation with mass spectroscopy detection would be the logical 
choice for improving simultaneous detection of scopolamine and hyoscyamine.   
Two alleles for the h6h gene locus were identified.  The trend of genotype by 
chemotype comparison of a small number of F2 samples from a monohybrid cross 
showed greater H6H activity associated with the 690 bp amplicon of the h6h allele (b) 
over the expected 550 bp amplicon (a).  Increased overall TA in root tissue of the bb 
genotype was accompanied with reduced scopolamine in leaf tissue.  As a result, the 
marker is a good candidate for QTL analysis for linkage between TA biosynthesis 
and transport genes..
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APPENDIX A 
EXTRACTION METHODS 
Kamada (1986) method for extraction of tropane alkaloids from plant 
material. 
 
Lyophilize and homogenize material 
 
Extract with chloroform:methanol:25% ammonium hydroxide (15:5:1) 
(10ml per 100mg of sample) with 1 on orbital shaker at 40 C then 1 h US bath 
 
Maintain at room temperature for 1 h 
 
Filter and wash with 1 – 2 ml chloroform.  Evaporate to dryness 
 
Add 5ml chloroform and 2ml 0.5 M sulfuric acid and mix thoroughly 
 
Remove the chloroform, maintain alkaloidal fraction on ice and adjust to pH 10 – 11 
with 28% ammonium hydroxide 
 
Extract alkaloids once with 2ml chloroform and twice with 1 ml chloroform 
 
Add anhydrous sodium sulfate, filter and wash residue with 1 – 2 ml chloroform 
 
Evaporate and resuspend the sample in 2 ml methanol for analysis 
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APPENDIX B 
BUFFERS FOR EXTRACTION OF DNA AND POLYMERASE CHAIN 
REACTIONS 
 
Standard plant DNA extraction buffer, 1 L; 
4X 
 255 gm sorbitol  
 48.5 gm Tris  
 7.4 gm EDTA disodium salt  
 Final volume to 1 L 
 Adjust pH to 7.5 with 25 – 30 ml HCl 
1X 
 63.8 gm sorbitol (0.35 M) 
 12.1 gm Tris (0.1 M) 
 1.68 gm EDTA disodium salt (5 mM) 
 Final volume to 1 L 
 Adjust pH to 7.5 with 15-20  ml HCl 
 Add sodium metabisulfite just before use (20 mM) 
 
Plant Lysis buffer 1 L ; 
 200 ml 1.0 M Tris pH 8.0 
 200 ml 0.25 M EDTA 
 200 ml H2O 
 20 gm CTAB 
 Stir to dissolve, then add 
 400 ml 5.0 M NaCl 
 
TE buffer pH 8.0 1L; 
 10 ml 1 M Tris pH 8.0 (10 mM) 
 4 ml 0.25 M EDTA (1 mM) 
986 ml dH2O 
1000 ml final volume 
 
1 M Tris pH 8.0 250 mL; 
225 mL dH2O 
30.25 gm Trizma base (FW 121.1) 
10 ml concentrated HCL (~ 12M) to start 
Add to adjust pH 8.0 (about <2 ml) 
Bring to final volume of 250 ml with dH2O 
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0.5 M EDTA pH 8.0 250 mL; 
 200 ml dH2O 
 46.5 gm EDTA (FW 372.2) 
 4.5 gm NaOH (to start with) 
  Final volume to 250 ml with dH2O 
 
 
TBE 1 L; 
 5X 
 54 gm Tris base 
 27.5 gm boric acid 
 20 ml  0.5 M EDTA pH 8.0 
 Volume to 1 L 
Tracking dye; 
350 mL glycerol 
25 mL 10 X TBE 
40 mL deionized water 
5 mL 20% SDS 
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APPENDIX C 
AGAROSE GELS 
P1 P6 
 
Lanes 2 – 26 primer P1, lanes 27 – 51 primer P5 
 
T2 T6 P2 P5 
 
Top lanes 2 – 26 primer T2, lanes 27 – 51 primer T6 
Bottom lanes 2 – 26 primer P2, lanes 27 – 51 primer P5 
 
T4 H6 
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Lanes 2 – 26 primer T4, lanes 27 – 51 primer H6 
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APPENDIX D 
NIST PAGES FOR HYOSCYAMINE AND SCOPOLAMINE 
 
From http://webbook.nist.gov/cgi/cbook.cgi?Name=hyoscyamine&Units=SI 
 
Hyoscyamine 
• Formula: C17H23NO3  
• Molecular weight: 289.37  
• IUPAC International Chemical Identifier:  
o InChI=1/C17H23NO3/c1-18-13-7-8-14(18)10-15(9-13)21-
17(20)16(11-19)12-5-3-2-4-6-12/h2-6,13-16,19H,7-
11H2,1H3/t13?,14?,15?,16-/m1/s1  
o Download the identifier in a file.  
• CAS Registry Number: 101-31-5  
• Chemical structure:  
 
 
 
 
 
 
Benzeneacetic acid, α-(hydroxymethyl)-, 8-methyl-8-azabicyclo[3.2.1]oct-3-yl ester, 
[3(S)-endo]-; 1αH,5αH-Tropan-3α-ol, (-)-tropate (ester); (-)-Atropine; (S)-(-)-
Hyoscyamine; L-hyoscyamine; L-tropine tropate; Daturine; Duboisine; Levsin; 
Levsinex; 1-Hyoscyamine; Tropic acid, (-)-, ester with tropine; Tropine, (-)-tropate; 
Cystospaz; Tropic acid, 1αH,5αH-tropan-3α-yl ester, (-)-; L-Hyoscamine; l-
Hyopscyamine; 8-Methyl-8-azabicyclo[3.2.1]oct-3-yl tropate; Hyocyamine 
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From http://webbook.nist.gov/cgi/cbook.cgi?Name=scopolamine&Units=SI 
 
Hyoscine 
• Formula: C17H21NO4  
• Molecular weight: 303.35  
• IUPAC International Chemical Identifer:  
o InChI=1/C17H21NO4/c1-18-13-7-11(8-14(18)16-15(13)22-
16)21-17(20)12(9-19)10-5-3-2-4-6-10/h2-6,11-16,19H,7-
9H2,1H3/t11-,12?,13?,14?,15-,16+  
o Download the identifier in a file.  
• CAS Registry Number: 51-34-3  
• Chemical structure:  
This structure is also available as a 2d Mol file .  
• Other names: Scopolamine; Benzeneacetic acid, α-(hydroxymethyl)-, 9-
methyl-3-oxa-9-azatricyclo[3.3.1.(02,4)]non-7-yl ester, [7(S)-
(1α,2β,4β,5α,7β)]-; 1αH,5αH-Tropan-3α-ol, 6β,7β-epoxy-, (-)-tropate 
(ester); (-)-Hyoscine; Atrochin; Atroquin; Hyosceine; Scopine tropate; 
Skopolamin; SEE; 6,7-Epoxytropine Tropate; 6-β,7-β-Epoxy-3-α-tropanyl 
S-(-)-tropate; Epoxytropine tropate; Hyosol; Isopto hyoscine; Oscine; 3-
Oxa-9-azatricyclo(3.3.1.O2,4)nonan-7-ol, 9-methyl-, tropate; Tropic acid, 
ester with scopine; Tropic acid, 9-methyl-3-oxa-9-
azatricyclo(3.3.1.O2,4)non-7-yl ester; 9-Methyl-3-oxa-9-
azatricyclo[3.3.1.0(2,4)]nonan-7-ol (-)-tropate; l-Scopolamine; 
Transderm-Scop; 6β,7β-Epoxy-1αH,5αH-tropan-3α-ol (-)-tropate (ester); 
S-(-)-Tropate; Scop; Scopoderm-TTS; Transcop  
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APPENDIX E 
U.S. ARMY MARK I NERVE AGENT ANTIDOTE KIT 
 
U.S. Army Medical Research Institute of Chemical Defense, Medical Management of 
Chemical Casualties Handbook, Third Edition (June 2000), Aberdeen Proving 
Ground, MD, pp 118-126. 
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APPENDIX F 
TR1 CDNA SEQUENCE ALIGNMENT WITH GENOMIC DNA 
 
BLASTN 2.2.19+ 
Reference: Zheng Zhang, Scott Schwartz, Lukas Wagner, and 
Webb Miller (2000), "A greedy algorithm for aligning DNA 
sequences", J Comput Biol 2000; 7(1-2):203-14. 
 
 
Query = tr1 genomic DNA 
Sbjct = tr1 cDNA 
 
Query  5638  AGAAAAATCCTCATCAAAAAGAAGAAATAGACAATTTTATTGTCAAGACTCCAATGGGCC  5697 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  696   AGAAAAATCCTCATCAAAAAGAAGAAATAGACAATTTTATTGTCAAGACTCCAATGGGCC  755 
 
Query  5698  GGGCTGGAAAGCCCAATGAAGTGTCTGCACTAATAGCCTTTCTTTGCTTCCCTGCTGCTT  5757 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  756   GGGCTGGAAAGCCCAATGAAGTGTCTGCACTAATAGCCTTTCTTTGCTTCCCTGCTGCTT  815 
 
Query  5758  CTTATATTACTGGCCAAATTATATGGGCTGATGGTGGATTCACAGCTAATGGTGGGTTTT  5817 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  816   CTTATATTACTGGCCAAATTATATGGGCTGATGGTGGATTCACAGCTAATGGTGGGTTTT  875 
 
Query  5818  GAAGCAATTCTGTTTTCTATTTGGGCTTTTTAACTTTTTATGGTGGTTTGTACCTTGGGC  5877 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  876   GAAGCAATTCTGTTTTCTATTTGGGCTTTTTAACTTTTTATGGTGGTTTGTACCTTGGGC  935 
 
Query  5878  CTGTAAAAAAGCCCATTATGTTTTGATCAAAAACTTCATTTACCATTCCCATATATAAAA  5937 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  936   CTGTAAAAAAGCCCATTATGTTTTGATCAAAAACTTCATTTACCATTCCCATATATAAAA  995 
 
Query  5938  TATATGCATTGATTTTGTGTAAACATTCTGACAAAAATTTACACATATAATGCAAGATAT  5997 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  996   TATATGCATTGATTTTGTGTAAACATTCTGACAAAAATTTACACATATAATGCAAGATAT  1055 
 
Query  5998  CAATAAATTTAAGTGTTATATTTATTTTTATTACTTTTTTATCG  6041 
             |||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1056  CAATAAATTTAAGTGTTATATTTATTTTTATTACTTTTTTATCG  1099 
 
 
 
Query  3056  ATATTCAGGTAAATAATGCAGGTGTGGTGATACATAAAGAAGCTAAAGATTTCACAAAAG  3115 
             |||||  ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  357   ATATTTTGGTAAATAATGCAGGTGTGGTGATACATAAAGAAGCTAAAGATTTCACAAAAG  416 
 
Query  3116  AAGATTACGACATCGTATTGGGCACTAATTTTGAAGCAGCTTATCACTTATGTCAACTTG  3175 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  417   AAGATTACGACATCGTATTGGGCACTAATTTTGAAGCAGCTTATCACTTATGTCAACTTG  476 
 
Query  3176  CTTATCCCTTTTTGAAGGCATCTCAAAATGGCAATGTTATTTTTCTTTCTTCTATAGCTG  3235 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  477   CTTATCCCTTTTTGAAGGCATCTCAAAATGGCAATGTTATTTTTCTTTCTTCTATAGCTG  536 
 
Query  3236  GATTTTCAGCACTGCCTTCTGTTTCTCTTTATTCTGCTTCCAAAG  3280 
             ||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  537   GATTTTCAGCACTGCCTTCTGTTTCTCTTTATTCTGCTTCCAAAG  581 
 
 
 
Query  2292  GGTATGCAGTAGTGGAAGAACTAGCAGGTCTTGGTGCAAGAGTATATACATGTTCACGTA  2351 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  156   GGTATGCAGTAGTGGAAGAACTAGCAGGTCTTGGTGCAAGAGTATATACATGTTCACGTA  215 
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Query  2352  ATGAAAAGGAACTCCAACAATGCCTTGATATTTGGAGAAATGAAGGACTTCAAGTTGAAG  2411 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  216   ATGAAAAGGAACTCCAACAATGCCTTGATATTTGGAGAAATGAAGGACTTCAAGTTGAAG  275 
 
Query  2412  GTTCTGTTTGTGATTTATTACTGCGCTCTGAACGTGACAAACTTATGCAGACTGTTGCAG  2471 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  276   GTTCTGTTTGTGATTTATTACTGCGCTCTGAACGTGACAAACTTATGCAGACTGTTGCAG  335 
 
Query  2472  ATTTATTTAATGGAAAGCTCAATATTTTGGT  2502 
             ||||||||||||||||||||||||||||||| 
Sbjct  336   ATTTATTTAATGGAAAGCTCAATATTTTGGT  366 
 
 
 
Query  1782  GGAAACACAACCAATTATCATATTTGTTCATATCTCAAAATATTAACAAGAAATGGCCGG  1841 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1     GGAAACACAACCAATTATCATATTTGTTCATATCTCAAAATATTAACAAGAAATGGCCGG  60 
 
Query  1842  AGAATCAGAAGTTTACATTAATGGCAACAATGGAGGAATTAGATGGAGTCTCAAAGGCAC  1901 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61    AGAATCAGAAGTTTACATTAATGGCAACAATGGAGGAATTAGATGGAGTCTCAAAGGCAC  120 
 
Query  1902  AACTGCCCTTGTTACTGGTGGCTCTAAAGGCATTGGGTA  1940 
             ||||||||||||||||||||||||||||||||||||||| 
Sbjct  121   AACTGCCCTTGTTACTGGTGGCTCTAAAGGCATTGGGTA  159 
 
 
 
Query  4972  AGCTGCAATAAATCAAATAACGAAGAACTTGGCATGTGAATGGGCCAAGGACAACATTCG  5031 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  580   AGCTGCAATAAATCAAATAACGAAGAACTTGGCATGTGAATGGGCCAAGGACAACATTCG  639 
 
Query  5032  GGTCAATTCAGTTGCTCCAGGAGTCATTTTAACCCCACTCATTGAAACTGCAATTAAG  5089 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  640   GGTCAATTCAGTTGCTCCAGGAGTCATTTTAACCCCACTCATTGAAACTGCAATTAAG  697 
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APPENDIX G 
H6H CDNA SEQUENCE ALIGNMENT WITH GENOMIC DNA 
 
BLASTN 2.2.19+ 
Reference: Zheng Zhang, Scott Schwartz, Lukas Wagner, and 
Webb Miller (2000), "A greedy algorithm for aligning DNA 
sequences", J Comput Biol 2000; 7(1-2):203-14. 
 
 
Query = h6h genomic DNA 
Sbjct = h6h cDNA 
 
 
Query  3349  AGGTTATTACCAATGAAAAGTTTGAAGGTTCTATCCATAGGGTAGTGACAGATCCAACAA  3408 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  829   AGGTTATTACCAATGAAAAGTTTGAAGGTTCTATCCATAGGGTAGTGACAGATCCAACAA  888 
 
Query  3409  GAGACAGGGTTTCAATTGCTACTTTGATTGGTCCTGATTATTCATGTACCATTGAACCTG  3468 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  889   GAGACAGGGTTTCAATTGCTACTTTGATTGGTCCTGATTATTCATGTACCATTGAACCTG  948 
 
Query  3469  CTAAAGAACTACTCAACCAAGACAACCCACCACTCTACAAACCTTATTCATATTCTGAGT  3528 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  949   CTAAAGAACTACTCAACCAAGACAACCCACCACTCTACAAACCTTATTCATATTCTGAGT  1008 
 
Query  3529  TTGCTGACATTTATCTAAGTGATAAATCAGACTATGATTCTGGTGTTAAGCCATATAAAA  3588 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1009  TTGCTGACATTTATCTAAGTGATAAATCAGACTATGATTCTGGTGTTAAGCCATATAAAA  1068 
 
Query  3589  TCAATGTCTAAGCAAATAACTTAATATATTAACAGAATATATATACTGTATTCTAAAGTA  3648 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1069  TCAATGTCTAAGCAAATAACTTAATATATTAACAGAATATATATACTGTATTCTAAAGTA  1128 
 
Query  3649  TAAAACTATTTCTATTGCAGTGATGGTTTGGTGAATTATGGCATGTTGTATTACGTACTT  3708 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1129  TAAAACTATTTCTATTGCAGTGATGGTTTGGTGAATTATGGCATGTTGTATTACGTACTT  1188 
 
Query  3709  TTTATTAAATAAGGGTAAACCTCAAGTCatatatatatatGAGGTTTGTGTGTGCTGTTG  3768 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1189  TTTATTAAATAAGGGTAAACCTCAAGTCATATATATATATGAGGTTTGTGTGTGCTGTTG  1248 
 
Query  3769  TTTGATCTACTTGTATTTGTAACCTTATTGTAAGATATAATCTTTCTTAATATATCGTTT  3828 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1249  TTTGATCTACTTGTATTTGTAACCTTATTGTAAGATATAATCTTTCTTAATATATCGTTT  1308 
 
Query  3829  CTTTGTGTTAGTTCTTATGTTATATATGCAGTCTCTTTTTCTCATT  3874 
             |||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1309  CTTTGTGTTAGTTCTTATGTTATATATGCAGTCTCTTTTTCTCATT  1354 
 
 
 
Query  2693  AGAGAGGTGGTTGCTAAATATTCAGTAGAAGTGAGGAAGTTGACCATGAGGATGCTGGAC  2752 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  507   AGAGAGGTGGTTGCTAAATATTCAGTAGAAGTGAGGAAGTTGACCATGAGGATGCTGGAC  566 
 
Query  2753  TACATCTGTGAAGGACTTGGGCTTAAATTGGGCTACTTTGATAATGAACTTAGCCAAATT  2812 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  567   TACATCTGTGAAGGACTTGGGCTTAAATTGGGCTACTTTGATAATGAACTTAGCCAAATT  626 
 
Query  2813  CAGATGATGCTGACTAACTATTACCCACCATGCCCAGACCCAAGTTCAACATTGGGATCA  2872 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  627   CAGATGATGCTGACTAACTATTACCCACCATGCCCAGACCCAAGTTCAACATTGGGATCA  686 
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Query  2873  GGAGGACACTATGATGGTAACCTTATAACTTTGCTTCAACAAGACTTGCCTGGTTTGCAA  2932 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  687   GGAGGACACTATGATGGTAACCTTATAACTTTGCTTCAACAAGACTTGCCTGGTTTGCAA  746 
 
Query  2933  CAACTCATTGTTAAGGATGCTACCTGGATTGCTGTTCAACCTATTCCTACTGCTTTTGTC  2992 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  747   CAACTCATTGTTAAGGATGCTACCTGGATTGCTGTTCAACCTATTCCTACTGCTTTTGTC  806 
 
Query  2993  GTCAACTTGGGATTGACTCTAAAGGT  3018 
             |||||||||||||||||||||||||| 
Sbjct  807   GTCAACTTGGGATTGACTCTAAAGGT  832 
 
 
 
Query  2035  CAGGTGATCAATCATGGATTTCCAGAAGAACTAATGTTAGAGACAATGGAAGTGTGCAAA  2094 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  228   CAGGTGATCAATCATGGATTTCCAGAAGAACTAATGTTAGAGACAATGGAAGTGTGCAAA  287 
 
Query  2095  GAGTTCTTTGCACTGCCAGCTGAGGAAAAGGAAAAGTTTAAGCCAAAAGGAGAGGCAGCT  2154 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  288   GAGTTCTTTGCACTGCCAGCTGAGGAAAAGGAAAAGTTTAAGCCAAAAGGAGAGGCAGCT  347 
 
Query  2155  AAATTTGAACTTCCTCTTGAGCAGAAAGCAAAGCTATATGTTGAAGGAGAACAACTCTCT  2214 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  348   AAATTTGAACTTCCTCTTGAGCAGAAAGCAAAGCTATATGTTGAAGGAGAACAACTCTCT  407 
 
Query  2215  AACGAGGAGTTCTTATACTGGAAAGACACTTTGGCTCATGGTTGTCATCCTCTTGATCAA  2274 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  408   AACGAGGAGTTCTTATACTGGAAAGACACTTTGGCTCATGGTTGTCATCCTCTTGATCAA  467 
 
Query  2275  GACTTAGTCAATTCCTGGCCTGAAAAACCAGCAAAATATAG  2315 
             ||||||||||||||||||||||||||||||||||||||||| 
Sbjct  468   GACTTAGTCAATTCCTGGCCTGAAAAACCAGCAAAATATAG  508 
 
 
 
Query  842   AAATATATCAACAACGTATAGATTCTTCTTATTTGAGACATTTGATGGCTACTTTTGTGT  901 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1     AAATATATCAACAACGTATAGATTCTTCTTATTTGAGACATTTGATGGCTACTTTTGTGT  60 
 
Query  902   CGAACTGGTCTACTAAGAGTGTTTCCGAAAGCTTTATAGCACCATTACAGAAAAGAGCAG  961 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61    CGAACTGGTCTACTAAGAGTGTTTCCGAAAGCTTTATAGCACCATTACAGAAAAGAGCAG  120 
 
Query  962   AAAAAGATGTTCCCGTAGGAAATGATGTCCCTATTATTGATCTCCAACAACATCATCATC  1021 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  121   AAAAAGATGTTCCCGTAGGAAATGATGTCCCTATTATTGATCTCCAACAACATCATCATC  180 
 
Query  1022  TTCTTGTTCAACAAATCACCAAAGCTTGTCAAGATTTTGGTCTCTTTCAGGT  1073 
             |||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  181   TTCTTGTTCAACAAATCACCAAAGCTTGTCAAGATTTTGGTCTCTTTCAGGT  232 
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